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Diane M. Swec and Michael J. Mirtich
National Aeronautics and Space Administration
' Lewis Research Center
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SUMMARY

Diamondlike carbon (DLC) films were deposited on infrared transmitting
optical windows and were evaluated as protective coatings for these windows
exposed to particle and rain erosion. The DLC films were deposited on zinc
selenide (ZnSe) and zinc sulfide (InS) by three different ion beam methods:
(1) sputter deposition from a carbon target using an 8-cm argon ion source,
(2) direct deposition by a 30-cm hollow cathode ion source with hydrocarbon
gas in argon, and (3) dual beam direct deposition by the 30-cm hollow cathode
jon source and an 8-cm argon ion source. In an attempt to improve the adher-
ence of the DLC films on ZnSe and ZnS, ion beam cleaning, ion implantation
with helium and neon ions, or sputter deposition of a thin, ion beam inter-
mediate coating was employed prior to deposition of the DLC film. The pro-
tection that the DLC films afforded the windows from particle and rain erosion
was evaluated, along with the hydrogen content, adherence, intrinsic stress,
and infrared transmittance of the fiims. Because of elevated stress levels in
the ion beam sputtered DLC films and in those ion beam deposited with butane,
films thicker than 0.1 um and with good adherence on ZnS and ZnSe could not
be generated. An intermediate coating of germanium successfully allowed the
DLC films to remain adherent to the optical windows and caused only a negli-
gible reduction in the specular transmittance of the ZnS and ZnSe at 10 um.
These DLC fiims did not protect the optical windows from simulated particle
erosion; however, they did improve the performance of ZnS exposed to rain
erosion.

INTRODUCTION

Infrared-transparent materials, such as zinc sulfide (ZnS) and zinc sele-
nide (ZnSe), are those most often used as optical windows. However, these
materials are soft and undergo serious degradation when subjected to severe
particle-impacting environmental conditions (ref. 1). Therefore, attempts have
been made to harden these window surfaces to protect them from sand or rain
impact.

Hard thin films may be used to maintain the optical integrity of infrared
windows. The desired films must be adherent and durable such that they protect
InS and ZnSe windows from particle and rain erosion as well as chemical attack.
A low film-stress level is also desirable so that a thick layer of these hard
films can be deposited for maximum protection of the soft materials. One film
with this potential is dtamondlike carbon (DLC) (refs. 1 and 2). DLC films are
transparent over a broad spectral range, resist chemical attack, and are mois-
ture and abrasion resistant.

Three different ion beam methods were used to deposit DLC films on fused

silica (Si0p), silicon (Si), ZnS, and ZnSe: (1) sputter deposition from a
carbon target by an 8-cm argon ion source, (2) direct deposition by a 30-cm
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hollow cathode ion source with hydrocarbon gas in argon (Ar), and (3) dual beam
direct deposition by the 30-cm hollow cathode and an 8-cm argon ion source.

To improve the adherence of the DLC films on ZnS and ZnSe, the following tech-
niques were employed prior to deposition of the film: (1) jon beam cleaning,
(2) ion implantation via "knock on" of thin carbon films by 100-keV nitrogen
ions, (3) ion implantation with 100-keV neon and helium ions, and (4) thin,
ion beam sputter-deposited intermediate coatings of germanium (Ge) or silicon.
The DLC films were then evaluated for hydrogen content, adherence, intrinsic
stress, infrared transmittance, and protection from particle and rain erosion.
An erosion test employing a microsandblaster with 27-um-diameter aluminum
oxide (A1703) particles was developed to determine quantitative values of the
protect1on that the diamondlike films afforded the window surfaces. After
erosion an infrared (IR) spectrophotometer was used to indicate the change in
specular transmittance between 2.5 and 50 um. The DLC-coated windows were
also subjected to water droplets at 180 m/sec for exposure times up to 15 min
in a rain erosion facility at Wright Patterson Air Force Base. These samples
were qualitatively evaluated by optically viewing the pitting, microcracks,
and subsurface ring cracks that resulted from the erosion. The results of
these studies are presented in this paper.

APPARATUS AND PROCEDURE

Diamondlike carbon films were ion beam sputter deposited from a pyrolytic
graphite target by an 8-cm-diameter source (ref. 3). A 1000-eV argon ion beam
was produced for sputter cleaning and deposition. The ion beam current density
was ~1.0 mA/cm2 in the vicinity of the sputter target and substrates, which
were located 20 cm downstream of the ion source. The ion source was operated
with a hot filament neutralizer in a vacuum facility that maintained pressures
of 2x10-5 torr during operation. In conjunction with this method, hydrogen
gas was introduced in the vacuum chamber to evaluate its effect on these films.
The introduction of hydrogen gas raised the background pressure to a range of
7%x10-5 to 10-4 torr. Films 0.1 um thick were deposited on the various sub-
strates.

A 30-cm-diameter ion source with its optics masked to 10 c¢m in diameter
was used to directly deposit the DLC films (ref. 4). The ion source used
argon gas in the hollow cathode located in the main discharge chamber, as well
as in the neutralizer. Hydrocarbon gas was introduced through a manifold into
the discharge chamber at a molar ratio of 0.28 CHgq or 0.10 C4Hygo to argon.
Typically, current densities were 1 mA/cm? at a distance of 2.5 cm axially
downstream of the grids, and argon ion energies ranged from 90 to 250 eV.

It is believed that amorphous carbon films are produced under conditions
where growth and sputtering occur simultaneously, therefore increased sputter-
ing may decrease the number of graphite precursors incorporated in the films
and hence improve the quality (ref. 4). An 8-cm ion source with a filament
cathode was used during the dual beam deposition to direct a beam of 200- to
600-eV argon ions at a current density of 25 pA/cm on the substrates while
the DLC film was being deposited by the 30-cm source.

The intrinsic stress of the DLC films was measured with a stress gauge, and
an adherence tester was used to determine the adherence of the DLC films. The
transmittance of the DLC films in the visible region was obtained with an inte-
grating sphere, and the IR transmittance was measured with a spectrophotometer.
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An erosion test was developed that used a sandblaster to give quantitative
values to the protection that the DLC fiims afforded fused silica (ref. 5).
The fused silica surfaces were exposed to 100-um-diameter SiOp particles at
27 m/sec, and then the protective quality of the film was characterized by the
resulting change in specular transmittance by a neon-helium ellipsometer. The
protection that the DLC films afforded the ZnS and ZnSe surfaces was quantita-
tively determined from another simulated particle erosion test (ref. 6). The
window surfaces were eroded by exposing them to 27-um-diameter Al,03 particles
with an estimated stream velocity of 335 m/sec in a microsandblaster. The
protective quality of the film was then characterized by the change in specular
transmittance due to the particle erosion with an IR spectrophotometer between
wavelengths of 2.5 and 50 um.

A facility at the Wright Patterson Air Force Base was employed to evaluate
the rain erosion performance of the DLC films. The rain erosion facility con-
sisted of a variable-speed rotating arm apparatus with speeds to 210 m/sec and
a simulated rainfall of 7x10-4 cm/sec. The rotating arm apparatus employed
a horizontally mounted, 8-ft double-arm propeller blade powered by a 400-hp
motor. A pipe ring containing hypodermic needles was positioned such that con-
trolled water droplets were sprayed on the test specimens, which were mounted
in the blade tips.

RESULTS AND DISCUSSION
Hydrogen Content

Nuclear reaction and combustion analysis for hydrogen was performed on the
DLC films (ref. 7). This technique showed that DLC films made by the various
deposition methods have very similar hydrogen depth profiles. The atomic ratio
of hydrogen to carbon (H/C) was low at the film surface and rose to a constant
value at a depth of 50 nm. Table I shows the hydrogen-to-carbon ratios meas-
ured one-half of the distance through the DLC films for the three different
deposition methods. There is a variation in hydrogen content which depends on
the method used to deposit the DLC film. DLC films made by single ion-beam
deposition with CHgq had an H/C ratio of 0.91. Adding the energy of the second
jon source (dual beam) reduced this ratio to 0.62. Thus, the second source
removed some of the hydrogen. DLC films generated by the single source, but
with CqHig, also had an H/C ratio of 0.62. The films generated by ion beam
sputter deposition from a graphite target contained the least amount of hydro-
gen, an H/C ratio of 0.22. The addition of up to 35 percent hydrogen gas into
the vacuum facility during sputter deposition doubled the hydrogen content
of these films.

Semiquantitative infrared spectroscopy was also performed on these ion
beam deposited films. The integrated intensity of the C-H stretching band at
about 3.4 um indicated that the ratio of chemically bonded hydrogen to carbon
was between 0.03 and 0.44 (ref. 7). The difference between the two hydrogen
analysis techniques indicates the presence of nonbonded hydrogen in the films.



Intrinsic Stress

The DLC films deposited on Si exhibited a compressive stress that varied
depending on the deposition method, hydrocarbon gas, and energy of deposition.
Figures 1 to 3 show the stress levels of O.l-um-thick DLC films made by the
different ion beam deposition methods. Figure 1 is a plot of the compressive
stress as a function of the H/Ar gas ratio for CHg and CqHyg gases deposited
at 110 eV by the single ion-beam source. The stress for each type of film was
independent of the H/Ar ratio, but was 2.5 times as large for the C4Hyg films
as it was for the CHq films. Figure 2 shows that the stress in the CHg single
beam films can be reduced to values as low as 4x109 dyne/cm2 by decreasing
the deposition energy to 90 eV. Figure 3 shows the compressive stress for DLC
films deposited by ion sputtering a graphite target (including those films made
with the addition of hydrogen). The compressive stress was 1. BXIO‘O dyne/cm2
for a pure, sputter-deposited film and rose slightly to 2. 3x1010 dyne/cm? for
a film with hydrogen addition. These stress levels are higher than those for
films made by direct ion beam deposition, single or dual, with CHg. Table I
lists the stress levels for the various DLC films. The data indicate that the
film stress does not depend on the hydrogen content, but on other parameters
such as deposition technique and conditions, and hydrocarbon gas.

Adherence

The adherence of the DLC films on fused silica was measured by following
the procedure used by Mirtich (ref. 8). Films up to 1 um thick, deposited
by either single or dual beam systems with CHg, were at least as adherent as
the maximum measurable adherence of the tester: namely, 2.8x100 N/m2. These
films were so adherent that, for some of the films, portions of the Si0, gave
way with the film still intact. Films made by the single ijon-beam system with
CqHyo began to spall once the thickness reached 0.15 um, and the films that
were sputter deposited from the graphite target began to spall at 0.2 um
thick, indicating an upper limit of the allowable thickness of these films.
This was expected, since the stress levels of these two types of DLC films were
greater than those made with CHgq in either the single or dual beam.

In an attempt to improve the adherence of DLC films that were ion beam
deposited on ZnS and ZnSe, four techniques were used prior to film deposition
(ref. 9). Ion beam cleaning of the window materials was the first technique
used, but was not sufficient, as it was with the Si0O» or Si substrates, to
allow the DLC films to remain adherent. The films had negligible adherence
(<1.4x10% N/m2) and spalled almost immediately after deposition on both
ZnS and ZnSe. The second technique involved ion implantation via "knock on"
of thin carbon films on the surface of ZnS and ZnSe by 50 to 100 keV nitrogen
ions. This technique also failed to allow the DLC films to remain adherent.
In the third technique the window surfaces were ion implanted with neon or
helium at energies var¥1ng between 50 and 100 keV and at doses from 0.5x1017
to 2x10V7 particles/cm These films spalled after a period of time. The
fourth technique, which used a thin intermediate coating of germanium or sili-
con, successfully allowed the DLC films to remain adherent. Thin films of Ge
or Si, 0.1 um thick, were ion beam sputter deposited onto ZnS and ZnSe prior
to deposition of DLC. The interface of Si looked good on deposit, but spalled
as a function of time and/or thickness. Germanium films as thick as 0.4 um



exhibited adherence equal to the strength of the substrate and showed no sign
of deterioration even after 6 months. DLC films deposited on ZnS and ZnSe with
an intermediate Ge coating of.0.05 um showed adherence values of 106 to

1.4x106 N/m2, also equal to the strength of the substrate. It was also pos-
sible to obtain the same adherence values of DLC-Ge films deposited on ZnS and
ZnSe substrates that were first implanted with 100-keV He ions at doses to
2x1017 particles/cm.

A bonus of ion implantation was the improved physical hardness of the sub-
strate, shown in figure 4 for ZnS. The Vickers hardness as a function of the
applied load for unimplanted ZnS and ZnSe was compared with that for ZnS and_ZnSe
that were He ion implanted at 100 keV at a dose equal to 2x1017 particles/cmz.

At the 5-g indentor load, the surface hardness for the implanted ZnS shows a
dramatic 70 percent increase over the unimplanted ZnS.

Transmittance

The transmittance of the DLC films on fused silica in the visible region
was obtained by using the Bowman technique (ref. 10). The DLC films obtained
from the single ion-beam deposition method with CH4q have a spectral transmit-
tance similar to those generated by the dual beam source, but the single beam
films have lTower transmittance values when they are greater than 0.12 um
thick. This is evident in figure 5, where the spectral transmittance is shown
for DLC films, 0.15 um thick, generated by both methods. The 0.15-um-thick
dual beam film has greater transmittance at all wavelengths when compared with
the single beam film of the same thickness. The increased absorption most
likely arises from the presence of systems of conjugated double bonds within
the film, although the presence of oxygen could also play a role (ref. 11).
Both the graphitic precursors and the oxygen would be expected to be reduced
by the increased sputtering from the second source. A 0.05-um-thick DLC
film that was single ion-beam deposited from CHgq displays spectral transmit-
tance values greater than 90 percent at wavelengths greater than 0.8 um.
Figure 5 also shows spectral data for a 0.17-um-thick DLC film that was fon
beam sputter deposited from a graphite target. The transmittance was measured
only between 0.4 and 0.8 um for this film, and it is very low compared with
the DLC films that were direct deposited. The low transmittance of the sput-
tered film may be due to its low hydrogen content.

The DLC films deposited on Si substrates acted as antireflective coatings,
enhancing the infrared transmittance that was greatest at shorter wavelengths
and that decreased with increasing wavelength. This antireflective property
was observed for all of the DLC films deposited on Si, and therefore was inde-
pendent of deposition method.

A spectrophotometer was used to measure the IR transmittance of the DLC
films deposited on the InS and ZnSe substrates. The spectral transmittance of
the window material did not change in the wavelength region of 2.5 to 25 um
for the ZnS and ZnSe substrates coated with O0.1-um-thick DLC films. The use
of an intermediate Ge film or ion implantation also did not change the IR
transmittance of ZnS and ZnSe. Figure 6 shows the specular IR transmittance
of ZnS before and after implantation with 100-keV He ions at a dose of 5x1016
particles/cm?. The two traces fall on top of each other, indicating that
there is no variation in the IR specular transmittance of ZnS after exposure to



100-keV He ions. The intermediate coating of Ge, which allows good DLC film
adherence to ZnS and ZnSe, shows only small reductions in IR specular transmit-
tance especially at larger wavelengths. This is shown in figure 7, where the IR
specular transmittance of a ZnSe substrate coated with an intermediate layer of
0.03 um Ge and a 0.1-um DLC film from the single beam with CHq is presented
along with the transmittance of an uncoated ZnSe substrate. Although the IR
specular transmittance is reduced at shorter wavelengths, only a 1 percent loss
occurs at 10 um. This reduction could be eliminated by picking the proper

DLC and Ge thicknesses to allow the combination to become an antireflective
coating.

Erosion Tests

To determine the protection the DLC films afforded the ZnS and ZnSe, the
surfaces were exposed to both 27-um-diameter A1,03 particles in a micro-
sandblaster and water droplets at 180 m/sec for exposure times up to 15 min.

Particle erosion. - The erosion protection that the various DLC films
afforded fused silica was first evaluated to determine the best method of coat-
ing the optical windows. For this test, 2- by 2-cm Si0p samples were one-half
coated with the DLC films and then placed in the sandblaster (refs. 5 and 12).
Only half of the fused silica and half of the DLC film were then exposed to the
Si0p particles for various periods of time. The specular transmittance data
were normalized to eliminate the uncertainty in the various parameters of the
particle erosion test, and are presented in a manner that eliminates the expo-
sure time and highlights the protection afforded by the DLC films. Figure 8
is the normalized specular transmittance after the erosion of uncoated fused
silica and of fused silica coated with DLC films, 0.1 and 0.2 um thick, made
by the single ion beam with CHgq. The unprotected fused silica has a slope
of one. It is clear that the DLC films extend the erosion lifetime of the
fused silica and that the 0.2-um DLC film extends the lifetime more than the
O0.1-um DLC film. The protection of the different ion beam deposited DLC
0.1-um films are presented in figure 9. The DLC films generated by ion beam
sputter deposition and by either single or dual ion-beam deposition with CHgq pro-
tected the fused silica, and the protection appears to be independent of the
deposition method. The ion beam sputter-deposited DLC films with the addition
of hydrogen are also presented. These films eroded at a faster rate than the
unprotected fused silica, thus making them less erosion resistant than the
other DLC films.

The ZnS and ZnSe substrates were one-half coated with the DLC films that
were determined to give the best erosion protection to fused silica and were
exposed to the A1,03 particles in the microsandblaster (ref. 6). Figures
10 and 11 indicate the change in specular transmittance at 10 um due to total
erosion time for various surfaces of ZnS and ZnSe, respectively, coated with
the DLC films. In both figures there is an envelope that portrays the erosion
rate of the uncoated surfaces. This envelope is necessary because each ZnS and
InSe substrate had a slightly different initial transmittance because the sub-
strate thickness was not the same, although the erosion follows the same curve.
The DLC films were 0.1 um thick, and were either sputter deposited from a
graphite target or direct deposited from the single ion-beam source with CHg.
An intermediate layer of 0.03-um Ge was used in all cases. Some of the ZnS
and ZnSe surfaces were also first He ion implanted at 100 keV at doses of
0.5x1017 and 2x1017 particles/cm?, and then coated with the DLC film from the
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single beam with CHgq. As both figures indicate, neither the DLC films nor the

“ion implantation plus the DLC film afforded the ZnS and ZnSe surfaces any

extension in particle erosion lifetime after exposure to the Al,03 particles.

"~ Rain erosion. - Only ZnS surfaces were evaluated for rain erosion perform-
ance in the facility at Wright Patterson Air Force Base. The ZnS surfaces were
first polished to a 20/10 finish, but many small pits remained in the surface
which could not be removed by polishing. This was undesirable since these pits
could be a source of crack propagation during the rain erosion testing. Zinc
sulfide, DLC coated ZnS, and ZnS that was first implanted with 100-keV He ions
at a dose to 2x10'7 particles/cm and then coated with the DLC film were sub-
jected to rain erosion. Although no quantitative data will be presented herein,
it was clear from optically viewing the ZnS surfaces exposed to the water drop-
lets at 400 mph that there was a performance improvement in the ZInS surface
that was ion implanted, coated with a 0.04-um intermediate layer of Ge, and
then coated with a O0.1-um DLC film from the single beam with CHsg. In compar-
ison with ZnS or even ZnS windows coated with a O.1-pum-thick DLC film, the ion
implantation plus the DLC coating decreased the number of new pits and delayed
the start of subsurface ring fractures. This could be expected since the ion
implantation improved the physical hardness (fig. 4) at the surface to a depth
of ~1.0 um of the ZnS (ref. 9). There also were no changes in the specular
transmittance between 2.5 and 25 um for the ion-implanted and DLC-coated ZnS
surface after it was exposed to rain erosion.

Since ion implantation of the ZnS window resulted in improved performance,
a InS surface was implanted with Het at 1 MeV to further increase the depth
of surface physical hardness. However, during the rain erosion test of this
InS surface (which was also coated with O.1-pm DLC and 0.04-um Ge), the ion-
implanted surface layer delaminated from the ZnS substrate.

CONCLUSTIONS

Three different ion beam methods were used to deposit diamondlike carbon
(DLC) films on various substrates. The hydrogen content of the ion beam depos-
ited DLC films was nearly one, while the ion beam sputter-deposited films had
a relatively low H/C ratio even with the addition of hydrogen gas. The com-
pressive stress exhibited by the DLC films did not depend on the hydrogen con-
tent, but on other parameters such as the deposition technique and conditions,
and hydrocarbon gas. Elevated stress levels of DLC films that were ion beam
deposited with CqH1g or ion beam sputter deposited from a graphite target
indicated that thick films with good adherence on ZnS and ZnSe could not be
generated.

Even though the DLC films on fused silica exhibited adherence as good as
the maximum measurable adherence of the tester, these films were not as adher-
ent on the ZnS and ZnSe substrates. Therefore, four techniques were used prior
to the deposition of the DLC films to improve the adherence. Ion beam cleaning
and fon implantation did not increase film adherence. Ion implantation did,
however, improve the physical hardness of the substrates. An intermediate
coating of Ge successfully allowed the DLC films to remain adherent, and exhib-
ited an adherence equal to the strehgth of the substrate. This intermediate
Ge film caused a small reduction in the IR specular transmittance of ZnS and
IZnSe at shorter wavelengths, but only a 1 percent loss occurred at 10 um.



Since the DLC films deposited on Si acted as an antireflective coating, thereby
enhancing the IR transmittance, this reduction could be eliminated by picking
the proper combination of DLC and Ge thicknesses to produce an antireflective
coating.

Although ion implantation plus a DLC film did not protect the ZnS and ZnSe
windows exposed to the simulated particle erosion, it did improve the perform-
ance of ZnS exposed to rain erosion. The ZnS windows that were He ion implanted
and coated with DLC and an intermediate Ge layer had fewer new surface pits and
a delayed start of subsurface ring cracks. Hardening the window surface itself
by ion implantation, in addition to coating it with a thick stress-free
diamondlike carbon film, might increase the lifetime of infrared transmitting
windows and protect them from both rain and less severe particle erosion.
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TABLE I. - PROPERTIES OF DIAMONDLIKE CARBON FILMS
DEPOSITED BY DIFFERENT ION BEAM
DEPOSITION METHODS

Deposition Stress, Hydrogen content,
method dyne/cm2 H/C
Single beam, CHy 0.9x1010 0.91
Single beam, C4Hjp 2.6 .62
Dual beam, CH4 .9 .62
Graphite sputtering | 1.6 .22
Graphite sputtering | 2.3 .53

+ Hy addition
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Figure 1. - Compressive stress as function of H/Ar gas ratio for

0.1-um-thick DLC fiims made with CH, and C4Hyg In the single ion-

beam source at 110 eV.
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Figure 3. - Compressive stress as function of background
pressure for 0.1-um-thick DLC films sputter deposited from a
graphite target with the addition of H »into the vacuum facility.
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Figure 2. - Compressive stress as function of deposition energy for
0.1-um-thick DLC films made with CH,4 in the single ion-beam source.
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Figure 4. - Vickers hardness as function of applied load for unimplanted
ZnS, and for ZnS implanted with He ions, at 100 keV at a dose of
2x10'7 particles/cm?2 .



SPECULAR TRANSMITTANCE
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Figure 5. - Transmittance as function of wavelength for
DLC films made with CH 4 in the single or dual ion-
beam source, and DLC films made by sputter
deposition of a graphite target.
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Figure 6. - Specular transmittance of ZnS before and after He ion implantation at 100 keV at a dose of 5x10'6 particles/cm?2.
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SPECULAR TRANSMITTANCE
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Figure 7. - Specular transmittance of 0.1-um DLC film made with CH , in the single beam with and without an intermediate layer of 0.03-um Ge on the
4
ZnSe substrate.
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Figure 10. - Change in specular transmittance at 10 um due to total
erosion time for various surfaces of ZnS coated with DLC fims.
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Figure 11. - Change in specular transmittance at 10 um due to total
erosion time for various surfaces of ZnSe coated with DLC films.
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